Conjugated polymers and small molecules, as typically used in organic light-emitting diodes or solar cells are undoped semiconductors. When these semiconductors are sandwiched between two electrodes, a metal-insulatormetal (MIM) diode stack is formed. Many organic diodes consist of an Ohmic injecting contact and a non-Ohmic collection contact. In general, when electrodes with different work functions are used an internal electric field will build up resulting from a built-in voltage V bi across the undoped semiconductor, which equals the difference in work function of the electrodes.
As a reference, we consider the case of a hole-only MIM diode with one Ohmic and one non-Ohmic contact, as shown in Fig. 1(a) . The collecting contact at x ¼ L, where x denotes the position within the diode and L is the film thickness, is separated from the valence band by a barrier height, ' b . The injecting contact at x ¼ 0 aligns with the valence band. For both contacts the energy barrier to the conduction band is so large that electron injection can be neglected. The built-in voltage V bi is then equal to the barrier height ' b .
At high positive bias on the Ohmic contact, larger than the built-in voltage, the resulting electric field becomes positive, pointing toward the collecting contact. Holes are injected and the current is dominated by drift. The current becomes limited by the uncompensated charges of the injected holes, leading to a space-charge-limited current (SCLC) that can be analytically described by the MottGurney equation [1] as
with " the dielectric constant, the charge-carrier mobility, and V the applied voltage. A large advantage of such an analytical description is that from experimental data on single-carrier devices the charge carrier mobility can directly be obtained from current density versus voltage (J-V) measurements [2] .
As shown in Fig. 1(a) , we now apply a small positive bias on the injecting contact. When the bias is smaller than the built-in voltage the electric field is still negative, pointing toward the injecting contact. The drift current due to the injected holes is therefore negative. However, the gradient in the hole density leads to diffusion of holes toward the collecting contact. The net positive current then results from the positive diffusion current that dominates over the negative drift current.
Until now the diffusion-limited current in organic MIM diodes has been analyzed using the classical Shockley diode equation [3] , given by (5) 186801-1 Ó 2013 American Physical Society where J 0 is normally taken as a fit parameter, and an empirical ideality factor. However, Eq. (2) was derived to describe a bipolar current through a p-n diode, where the ideality factor is strictly related to the order of recombination. Applying this equation to unipolar devices with undoped semiconductors is therefore questionable, but nevertheless frequently used in these cases. It was recently demonstrated that in organic MIM diodes this ideality factor deviates from unity by the presence of energetically deep states within the band gap [4] . However, a remarkable result was that even for organic semiconductors such as poly(9,9-dioctylfluorene) (PFO), the poly(p-phenylene vinylene) (PPV) derivative BEH/BB-PPV, and the fullerene derivative PCBM that all show nondispersive transport, pointing to the absence of deep traps, an ideality factor of typically 1.2 was found instead of unity.
In this Letter, we derive an analytical equation that describes the diffusion current for undoped semiconductors or insulators in MIM diodes with asymmetric contacts. The derivation is based on the classical diffusion model put forth by Schottky [5] for a metal contact on a doped inorganic semiconductor. We show that the derived equation provides a simple and fast method to model diffusion currents in MIM diodes with different contacts. The analytical diffusion model allows for a direct determination of the built-in potential in organic MIM devices, which we verify on hybrid organic light-emitting diodes [6] [7] [8] [9] with metal-oxide contacts, which are governed by universal energy alignment [10] . By summing the contributions of drift and diffusion we can now analytically describe the current through the MIM diode in the full voltage range, allowing disentanglement of the drift and diffusion contributions to the current.
The original diffusion theory by Schottky [5] describes the situation for a metal contact on a doped semiconductor. In such a Schottky diode, majority carriers diffuse from the semiconductor into the metal to equilibrate the Fermi level. The charge of the remaining uncompensated dopants then leads to the buildup of an electric field in the depletion region, resulting in band bending. A similar model was used by Shockley for the current across a p-n junction, viz. a depletion region formed between a p-and n-doped semiconductor [3] . An alternative theory to describe the current in a Schottky diode, based on thermionic emission, is valid only for high charge-carrier mobilities [11, 12] , whereas diffusion is the limiting case in low-mobility semiconductors, like organic semiconductors.
In MIM structures, band bending due to uncompensated dopants is absent. Below we will introduce the appropriate boundary conditions [13] . We start with the hole-only MIM diode of Fig. 1(a) . Following the classical derivation of Schottky for diffusion currents, the hole current density is given by
where the diffusion coefficient has been replaced by the mobility p through the Einstein relation [4] . However, in contrast to a Schottky diode, the limit for integration in the MIM structure has to be set to the total device thickness L, since the device is fully depleted, leading to
with p the hole density and E v the valence-band edge, or, analogously in this case the highest occupied molecular orbital (HOMO) of the polymer. To evaluate this expression we need to introduce the MIM boundary conditions for the charge carrier density pðxÞ and the valence band E v ðxÞ at the electrode-semiconductor interfaces x ¼ 0 and
As shown in Fig. 1(a) the built-in voltage V bi for this device is equal to ' b , In that particular case the boundary conditions for the charge-carrier density at the electrodes of a metal-insulator-metal device are given by [13] pð0Þ ¼ N v ;
(5a)
whereas the boundary conditions for the valence band, with respect to the Fermi level of the hole-extraction contact, for V < V bi are given by
Note that in this case a positive forward bias V at x ¼ 0 lowers the internal voltage to ' b -V, leading to a reduction of the negative drift current of holes toward the injecting contact at x ¼ 0, which results in an enhanced positive current in the x direction. Combination with Eq. (4) gives for the current
Because of the absence of space charge there is no band bending in the MIM structure, so the positional dependence of the valence band E v ðxÞ is just a simple triangular shape, given by
yielding
Substituting Eq. (9) into Eq. (7) then leads to an analytical current density expression for the diffusion-limited current in a MIM diode, given by
A similar expression was obtained by Paasch et al. [14] . We note that the use of a constant mobility in our derivation is valid since in the diffusion regime the carrier densities in the diode are sufficiently low such that mobility enhancement due to density of states filling [15] does not play a role [16] . Before comparing Eq. (10) to experimental data it is essential to consider that for Ohmic contacts on insulators or undoped semiconductors charge carriers diffuse from the electrode into the semiconductor, forming an accumulation region close to the contact [17] . As shown in Fig. 1(b) the accumulated charge carriers close to the injecting contact at x ¼ 0 cause band bending and reduce the built-in voltage of the device. Reported values for this band bending, here described by the parameter b, typically lie in the range of 0.2-0.3 V and depend also on energetic disorder [18] [19] [20] [21] [22] . To account for this accumulation we approximate the energy band diagram of the MIM diode by the dashed line in Fig. 1(b) . In this way the reduction of the built-in voltage is taken into account, while maintaining the triangular potential. Then the boundary conditions are modified to
The current equation, Eq. (10), is for this case modified to
Clearly, the band-bending parameter b does not only reduce the built-in voltage, but also has a large impact on the current close to the V bi and above V bi (see Supplemental Material [23] ). Therefore, we introduce the band-bending parameter b according to
based on a model by Simmons [18] (see Supplemental Material [23] ). At V bi , the current undergoes a transition from an exponential to a linear dependence on voltage. Because of the thickness dependence of the band-bending parameter, the linear current above V bi depends inversely on L 3 , while the exponential part below V bi scales inversely with L. For voltages larger than the built-in voltage, the electric field becomes positive and the drift current starts to dominate. This is the well-known space-charge-limited current, described by Eq. (1). With the derived diffusion current, Eq. (12), we can now obtain the complete current through the device by summing the contributions of drift and diffusion, as shown in Fig. 2 . The drift current starts exactly at the built-in voltage, well defined by ' b -b. The analytical expression for the diffusion current now allows disentanglement of the drift and diffusion contributions to the current.
When comparing the expression for the diffusionlimited current for MIM diodes, Eq. (12), to the classical Shockley diode equation, Eq. (2), it is clear that there are subtle differences in the voltage dependence of the current density, as shown in the inset of Fig. 2 . In order to match the slope of Eq. (12) using an effective barrier ' b -b of 0.3 V, the ideality factor in Eq. (2) has to be adjusted to 1.2. This explains why experimentally in organic semiconductors without deep traps small deviations from unity of the ideality factor of about 0.2 were found when the Shockley equation was used for the analysis. This slight deviation from unity is therefore a fundamental property of organic MIM diodes, related to the charge transport. We note that the exact value of the deviation depends on the value of the effective applied voltage, ' b -b-V. For most organic MIM diodes, the ideality factor is determined within 0.3 V below the built-in voltage (' b -b) [4] , leading to an apparent ideality factor of $1:2. For large barriers, carriers of the opposite sign will be injected, leading to trap-assisted recombination that will enhance the ideality factor [24] .
FIG. 2 (color online). Current density-voltage characteristics for a device with
26 m À3 , L ¼ 100 nm, T ¼ 295 K, and " ¼ 3" 0 . The dotted and solid lines are the analytically calculated characteristics for diffusion, drift, and the sum of drift and diffusion. The dashed line represents a numerical simulation [11] with exactly the same parameters. The inset shows a comparison between the calculated current for a MIM diode, Eq. (12), with ' b -b ¼ 0:3 V (lower curve) and the current calculated with the classical Shockley equation using an ideality factor of unity (upper curve). A good approximation is obtained using an ideality factor of 1.2 (dashed line).
To evaluate the applicability of the expression derived for the diffusion-limited current in MIM diodes we investigated a PFO hole-only diode with poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) and MoO 3 contacts. MoO 3 provides an Ohmic contact even to PFO with a HOMO as deep as 5.8 eV [25] . The work function of PEDOT:PSS is around 5.2 eV. Hence, PEDOT:PSS serves as the collecting contact with an estimated energy barrier of about 0.6 eV. The exact value is not a priori known and may depend on the presence of interface dipoles and on Fermi level pinning due to interface trap states.
The experimental temperature-dependent currentvoltage characteristics are shown in Fig. 3 . At low bias the current increases exponentially with bias as expected for a diffusion-limited current. Above about 0.4-0.5 V the current becomes drift dominated and limited by the uncompensated charges of the injected holes, leading to a space-charge-limited current.
The parameters describing the charge-carrier mobility of PFO as a function of carrier density and temperature are well known [25] . The diffusion-limited current can now be fitted to the experimental data by adjusting the barrier in Eq. (12) . The solid lines are a fit to the experimental data. A good agreement in the diffusion regime at V < V bi is obtained using a barrier ' b of 0.67 V, with a band-bending parameter of 0.26 V [Eq. (13) ]. The value for the barrier corresponds to previous estimates of the energy barrier between PFO and PEDOT:PSS of about 0.6 eV [25] .
The dashed lines in Fig. 3 represent numerical device calculations using a drift-diffusion solver [13] , with exactly the same parameters as used in the analytical fits. The numerical simulation contains both drift and diffusion, and band bending at the injecting contact is taken implicitly into account. The good agreement verifies the analytical expression of the diffusion-limited current in an organic MIM diode. The deviations for V > V bi are due to the current being dominated by the drift term at those voltages.
With the b parameter known, the analytical description for the diffusion-limited current in MIM diodes can be used to accurately determine the built-in voltage and injection barrier of the collecting contact. As an example, we investigated hole-only diodes of the polymers poly [3- PEDOT:PSS is grounded. The solid lines are fits to the experimental data (symbols) using the analytical equation for the diffusion-limited current. The deviation at higher voltages is due to the current being dominated by the drift term [SCLC, Eq. (1)] above the built-in voltage. The dashed lines represent numerical device calculations using a drift-diffusion solver [13] with exactly the same parameters as extracted from the analytical description. consisting of an organic semiconductor and transitionmetal oxides [10] .
In conclusion, we have demonstrated an analytical approach to model the diffusion current in organic metalinsulator-metal diodes with one Ohmic and one non-Ohmic contact. The analytical model accurately describes the voltage, temperature, and thickness dependence of the diffusion current and thus allows disentanglement of the drift and diffusion contributions to the current. This can substantially improve the accuracy of charge-transport measurements in organic-semiconductor diodes. The slight deviation of the apparent ideality factor from unity is characteristic of organic MIM diodes. Applying the analytic equation to experimental data provides an easy and accurate way of determining the built-in voltage and injection barrier in organic MIM diodes. Knowledge of the injection barrier from the diffusion current in forward bias is then an important ingredient for modeling of the injection-limited current in reverse bias, which is a subject of future study.
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